Chronic disabilities in multiple sclerosis are believed to be due to neuron damage and degeneration, which follow remyelination failure. Due to the presence of numerous oligodendrocyte precursors inside demyelination plaques, one reason for demyelination failure could be the inability of oligodendrocyte precursor cells to turn into myelinating oligodendrocytes. In this study, we show that thyroid hormone enhances and accelerates remyelination in an experimental model of chronic demyelination, i.e., experimental allergic encephalomyelitis in congenic female Dark Agouti rats immunized with complete guinea pig spinal cord. Thyroid hormone, when administered during the acute phase of the disease, increases expression of platelet-derived growth factor ␣ receptor, restores normal levels of myelin basic protein mRNA and protein, and allows an early and morphologically competent reassembly of myelin sheaths. Moreover, thyroid hormone exerts a neuroprotective effect with respect to axonal pathology.
M
ultiple sclerosis (MS) is a disorder of the central nervous system (CNS) that manifests as acute focal inflammatory demyelination with limited remyelination, usually culminating in chronic multifocal sclerotic plaques (1) . Early axonal injury and loss followed by neuron distress (2) and death (3) occur in MS (4-6), accounting for brain and spinal cord atrophy. Irreversible axonal damage is an essential cause of nonremitting sensory, motor, and cognitive disabilities in MS (7) . Although remyelination occurs in most experimental models of demyelination, this beneficial process is undoubtedly inadequate in MS. The reasons for this inadequacy are unknown, also because the oligodendrocyte precursor cells (OPCs), the cell population that is considered to be the most important source of remyelinating oligodendrocytes in the adult CNS (8) (9) (10) , are present in early (fresh) demyelinating lesions in MS (11, 12) .
There are many possible speculative explanations for remyelination failure in MS (9, 10) , including quantitatively inadequate recruitment and͞or differentiation of OPCs (13); axons not receptive to remyelination (14) ; and inappropriate support of growth factors by astrocytes and͞or other inflammatory cells (15) , such as the extracellular microenvironment with regard to matrix proteins and adhesion molecules (16) .
Because the number of oligodendrocytes is greater than before demyelination in early MS, meaning that new oligodendrocytes are generated (17) , another possibility is that OPCs are unable to turn into myelinating oligodendrocytes in chronic MS. Thus, extensive studies are under way to identify factors involved in OPC differentiation during remyelination. It is generally accepted that the process of remyelination represents a recapitulation of myelination during development, and so the key factors affecting the developmental maturation of OPCs into myelinating oligodendrocytes also should favor remyelination in the adult CNS. It is well established that thyroid hormone (TH) is required for the normal timing of OPC differentiation and maturation (18) . Cell-cycle stopping mechanism, terminal differentiation, and myelin production require TH (19) . Studies in genetically modified animals (20, 21) , such as the analysis of myelination in hypo-and hyperthyroid animals (22) , have provided abundant evidence that TH plays an important part in regulating oligodendrocyte lineage and maturation also in vivo and that the TH receptor ␣1 seems to be responsible for this process (23) .
Accordingly, we previously reported that the administration of TH (T4) during the acute phase of experimental allergic encephalomyelitis (EAE) in Lewis rats, the most commonly used experimental model for MS, is able to channel OPCs and͞or progenitors into oligodendroglial lineage (24) . However, these results were obtained during acute EAE in a rat strain that develops only sparse demyelination. Here, we report that this treatment is able to contrast molecular and anatomical features of the chronic stage of the disease in congenic Dark Agouti (DA) female rats immunized with spinal cord guinea pig homogenate. Compared with Lewis rats, DA rats develop a severe, protracted, and relapsing encephalitis, which has two hallmarks of MS, demyelination and chronic relapsing disease course (25, 26) . Pulsed administration of T4 during the acute phase improves and accelerates remyelination by increasing OPC and oligodendrocyte markers, including myelin basic protein (MBP) expression, thus leading to a faster morphological reorganization of myelin sheaths in the white matter during the chronic phase of the disease. Moreover, administration of T4 is also effective in axonal pathology, as indicated by morphometric analysis. We also included comparative experiments in Lewis rats.
3, ataxia or paralysis; 4, severe hind-leg paralysis; 5, severe hind-leg paralysis accompanied by urinary incontinence. Rats were assigned randomly to the different experimental groups, and treatment was administered blindly. When rats displayed severe signs of neurological defect, some of the rats were treated with T4 (0.2 mg s.c.) at 11, 13, and 15 days postimmunization (dpi). This treatment has been proven to recruit OPCs and stem cells in EAE (24) . Groups of DA rats also were treated with the same three-injection scheme administered at relapse (days 21, 23, and 25) or both in the acute and the relapse phases. All animal protocols described here were carried out according to the European Community Council Directive of 24 November 1986 (86͞609͞EEC) and approved by our intramural committee and the Ministero della Salute, in compliance with the guidelines published in Guide for the Care and Use of Laboratory Animals (27).
BrdUrd Administration. For proliferation studies, three to five rats per group were analyzed. A single bolus of BrdUrd (50 mg͞kg) was administered i.p. Rats were killed 24 h after injection, and sections were processed for immunodetection of BrdUrd by using the monoclonal anti-BrdUrd antibody (Boehringer Mannheim).
Immunocytochemistry. For immunocytochemistry studies, five rats per group were analyzed. Brains and spinal cord were fixed (4% paraformaldehyde), and indirect immunofluorescence procedures were used to visualize the following antigens in the lumbar tract of the spinal cord: anti-oligodendrocyte antibody (MAB 1580, clone RIP, Chemicon), anti-NG2 chondroitin sulfate proteoglycan (Chemicon), anti-MBP (DAKO), anti-2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNPase, Chemicon), anti-galactocerebroside (GalC, Chemicon), and ␤-tubulin (Chemicon). For double experiments with BrdUrd, the immunocytochemical procedure was applied after BrdUrd visualization. Confocal laser scan microscopy (CLSM, Olympus FV500, Ar͞HeNe lasers and appropriate filters for green and red fluorescence) was used for spinal cord sampling. Morphometry was performed on confocal images by using the AIS image analyzer (Analytic Imaging Station, Toronto).
Western Blotting. Tissue homogenates from the lumbar tract of the spinal cord were prepared by using a lysis buffer (pH 7.5) containing 10 mM Hepes, 1 mM DTT, and a protease inhibitor mixture (Sigma). Aliquots of protein were separated in 15% SDSpolyacrylamide gels and electroblotted to nitrocellulose membranes. Filters were incubated with blocking solution (Pierce) for 2 h at room temperature, and the primary antibody rabbit polyclonal anti-myelin basic protein, dilution 1:2,000 (DAKO), then was incubated overnight at 4°C. After washing for 1 h with 20 mM Tris⅐HCl and 0.5 M NaCl (TBS) with 0.05% Tween 20 (TTBS), filters were incubated with the secondary antibody anti-rabbit conjugated to horseradish peroxidase (Santa Cruz Biotechnology), dilution 1:2,000, for 30 min at room temperature and washed again for another hour. The proteins were detected by using an enhanced chemiluminescence kit (Pierce). Densitometric analysis was performed by using the AIS imaging system. Semiquantitative RT-PCR. mRNA was prepared from the lumbar tract of the spinal cord and from the optic nerve by using a Roche kit (Roche Molecular Biochemicals). The concentration of the mRNAs obtained was determined spectrophotometrically at A 260 . First-strand cDNAs were obtained by following the specifications of the Moloney murine leukemia virus (MLV) reverse transcriptase (GIBCO͞BRL), incubating the mRNA in the presence of 1ϫ first-strand buffer, 0.5 mM each dNTP (Roche Molecular Biochemicals), 50 M p(dN) 6 random primers (Roche Molecular Biochemicals), and 200 units of the enzyme MLV reverse transcriptase (GIBCO͞BRL) at 37°C for 50 min, followed by a termination step at 70°C for 15 min. Before setting the conditions of amplification for each primer, linear regression curves assaying different amounts of cDNAs (corresponding to different mRNA concentrations) and number of cycles of amplification (data not shown) were performed. Both of these parameters (cDNA amount and number of cycles) were chosen in the linear range. The oligonucleotides used as specific primers were as follows: platelet-derived growth factor ␣ receptor (PDGF␣R) sense, 5Ј-AGATAGCTTCATGAGCCGAC-3Ј, and antisense, 5Ј-GGAACAGGGTCAATGTCTGG-3Ј; MBP sense, 5Ј-CAGCAAGTACCATGGACCAT-3Ј, and antisense, 5Ј-ATGTTCTTGAAGAAGTGGAC-3Ј (28); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense, 5Ј-TCCATGA-CAACTTTGGCATCGTGG-3Ј, and antisense, 5Ј-GTTGC-TGTTGAAGTCACAGGAGAC-3Ј. Amplifications were performed in a mix reaction containing 1ϫ PCR buffer (pH 8.3), 0.2 mM each dNTP, 2 mM MgCl, 0.05 unit͞liter TaqDNA polymerase (Sigma), and the corresponding oligonucleotides (sense-antisense). The analysis of GAPDH mRNA was used as a control for cDNA quantities used as templates for PCR assays. PCR products were electrophoresed on agarose gels, stained with ethidium bromide (Sigma), and visualized under UV light. Specificity of amplifications was confirmed by the appearance of a single band of the expected size. Densitometric analysis was performed by using the AIS imaging system. Statistical Analysis. In the descriptive analysis, data were expressed as mean Ϯ SEM. Statistical analysis was carried out by using one-way ANOVA and Dunnett's test to compare the different experimental groups; Student's t test (PRISM software package, GraphPad, San Diego) also was used when appropriate. The probability level was set at 5% (two-tailed).
Results
The schedule of the experiments, i.e., T4 administration, molecular biology, and immunohistochemistry, was designed according to the clinical progression of the disease in the two strains. In both Lewis and DA female rats, severity of EAE gradually increased, reaching its peak between 8 and 14 dpi and then partially recovering. In our experience (2, 29) , which was confirmed in this experiment, in the Lewis strain the disease relapses with lower severity in 60% of rats (Fig. 1) . In DA rats, disease relapses in 100% of rats, the relapse having a neurological score comparable to that observed in the acute phase. Moreover, relapse is resolved more slowly than in Lewis rats.
TH Facilitates Myelin Sheath Reassembly in EAE.
We carried out remyelination analysis, studying coronal sections from the lumbar spinal cord serially collected from 500 m of rostrocaudal extension. We investigated myelin-sheath organization in the lumbar tract of the spinal cord (ventral funiculus) by using histological and immunohistochemical staining, followed by CLSM of oligodendrocyte-associated markers, as visualized by the RIP antibody, which produces relatively complete staining of oligodendrocytes and their processes in the adult CNS (30); GalC and CNPase, which are expressed by immature and mature oligodendrocytes; and MBP, which is expressed by mature myelinating oligodendrocytes (10) . By using these markers, we observed extensive loss and desegregation of myelin-associated staining already in the acute phase of the disease in both Lewis and DA rats. At this stage in disease progression, we administered T4 a total of three times, once a day on alternate days, in both strains. We then analyzed the effect of this treatment on markers for OPCs immediately after T4 administration (18 dpi in both DA and Lewis rats), and we found an increase in PDGF␣R mRNA expression (Fig. 2) , suggesting that a larger number of OPCs are formed in treated rats.
Differentiation of OPCs into myelinating oligodendrocytes and the efficacy of remyelination were investigated by molecular and morphological experiments performed at the end of the relapse phase, i.e., 55 and 35 dpi in DA and Lewis rats, respectively. We first analyzed the general structure of white matter in the ventral funiculus of the spinal cord by semiquantitative RIP-immunostaining analysis using CLSM. One single z-plane was bilaterally collected from 10 random nonconsecutive sections (five rats per group) by using the same loading parameters for all images to be compared (Fig. 3A) . The gray level over the entire area then was measured by using Olympus FLOWVIEW 500 software (intensity value on a planar region). Representative color-coded areas from control (Fig. 3B) , EAE (55 dpi, Fig. 3C ), and EAE ϩ T4 (55 dpi, Fig. 3D ) DA rats also are illustrated in Fig. 3 , as well as graphs reporting results obtained in both DA and Lewis rats. Morphological and quantitative analysis reveals that T4 treatment almost completely restores the severe decline in RIP immunostaining in EAE. In DA rats, 55 dpi, there is a 50% reduction of immunostaining, which is resolved by T4 treatment. In Lewis rats, remyelination seems to be completed in EAE rats regardless of the T4 treatment 35 dpi, so we studied samples from 18 dpi on, when myelin disaggregation was quite evident and RIP immunoreactivity in EAE dropped to Ͻ75% with respect to control rats. T4-treated rats at 18 dpi displayed immunostaining that was indistinguishable from control rats. We then subjected to deeper analysis the morphological features of myelin sheets, as stained by RIP, CNPase, and GalC antisera. Sampled high-power images obtained with RIP antiserum in DA rats (Fig. 4) showed the substantial destruction of myelin sheets in ventral funiculus in EAE and an inability to remyelinate 35 and 55 dpi (Fig. 4 A, control; B, EAE 35 dpi; and C, EAE 55 dpi). Images collected by CLSM according to the criteria already described were analyzed to measure the thickness of the myelin sheath, form factor of the myelinated fibers (assuming value 1 as a circle), and axon diameter (see Fig. 4E for sampling and legend for calculations). The results shown in Fig. 4 referring to RIP-immunostaining in DA rats indicate that myelin sheet thickness, as measured in the few morphologically intact myelin profiles, is decreased in EAE (Fig. 4G) , and the form factor value has shifted to a lower value (Fig. 4F) , indicating an irregular shape in pathological rats. Moreover, mean axonal diameter is lower in EAE rats (Fig. 4H ). T4 treatment improves morphology (Fig. 4D ) and all these indices, restoring myelin thickness to control values. Analysis of CNPase-and GalC-immunostained section confirms these results.
TH Increases MBP Expression in EAE.
We then analyzed MBP, which accounts for 30% of the protein content in myelin sheath, by measuring semiquantitative mRNA and protein expression, as well as morphological features. Results are shown in Fig. 5 . All of the methods indicate a decrease in MBP expression in DA-EAE rats 55 dpi. CLSM illustrates the severe decline in immunostaining in EAE rats and the clear morphological disaggregation in both coronal (Fig. 5 A, low power, and C, high power) and longitudinal (Fig. 5B) sections. Fig. 5 D-F shows corresponding areas in EAE ϩ T4 rats, 55 dpi, illustrating the substantial recovery of morphological features of myelin sheath. This finding also is confirmed by molecular analysis, which indicates a 50% and 25% decline of MBP mRNA and protein expression, respectively, in EAE rats and a substantial recovery in T4-treated rats, in which expression values are not significantly different from controls. Similar results were obtained in the Lewis strain, confirming previously published results (22) .
We also investigated the possible involvement of newly generated cells in these molecular effects. To perform this investigation, we injected BrdUrd during the acute phase of the disease, when an increase in the number of proliferating cells, both stem and OPC-NG2-positive cells, was found by us (24, 31) and others (32, 33) . Also for DA rats, we confirmed the extensive presence of BrdUrduptaking cells Ͼ4 weeks after BrdUrd administration in the white matter of the spinal cord of EAE rats (Fig. 5 A and D) . We found NG2-positive cells that were also positive for BrdUrd uptake, and thus possibly newly generated OPCs, in EAE rats treated with T4 (Fig. 5G) .
To obtain further indications concerning the possible cellular substrate for T4 action in remyelination in EAE and particularly in restoring MBP content (see Discussion), we also tested T4-administration schedules different from the reference schema used in this study (acute phase of EAE), i.e., in the relapse phase (21, 23 , and 25 dpi in DA rats). We found that MBP content in the optic nerve increased when T4 was administered during the acute phase of EAE, but not during relapse (Fig. 6) . Administration in both phases also increased MBP to a level not significantly different from that found after T4 treatment in the acute phase.
Finally, we observed a slight but significant effect of TH treat- 
Discussion
Remyelination failure is a major and frustrating problem in MS, and extensive research is directed to stimulate remyelination also postulating invasive transplantation strategies involving stem and precursor cells (10, 34) . In this paper, we suggest a noninvasive approach to enhance remyelination by stimulating endogenous OPCs. Positive effects on remyelination and also neuroprotection are obtained by T4 administration in DA rats affected by EAE. This is a model of chronic relapsing-remitting EAE, which is characterized by extensive demyelination (35) and axonal, dendritic, and synaptic damage (36) . When administered during the acute phase of the disease, T4 favors lineage toward oligodendrocytes, as indicated by increased expression of the OPC marker PDGF␣R, increases expression of MBP, and favors myelin sheath reorganization, which returns to a thickness comparable to that in control rats. This result occurs only if T4 is administered in a time window, e.g., acute EAE, in which a large number of stem cells and OPCs are mobilized and extensive proliferative activity takes place (24, (31) (32) (33) . We also found that axonal diameter of fibers in ventral funiculus of the spinal cord is increased in T4-treated compared with untreated EAE rats, suggesting a neuroprotective effect of T4. We postulate that T4 is able to induce maturation of OPCs into myelinating oligodendrocytes by acting on cell-cycle regulation, as it does during development (18) . In fact, this effect is not observed if T4 is administered when OPCs are no longer cycling. The effectiveness of remyelination is supported by the morphometric parameters of newly formed myelin sheets, which are similar to control rats, while in untreated rats, such as in MS, newly formed myelin sheets are thinner and shorter with regard to internode distance (37).
Cellular Targets for TH During Remyelination. OPCs and oligodendrocytes are the most obvious cellular targets to explain the effect of TH on remyelination in EAE, because oligodendrocyte development is under TH control (23) . TH action at the cellular level is mediated by ligand-regulated transcription factors that belong to the family of nuclear receptors. There are two TH receptor genes (␣ and ␤), each generating two isoforms (␣1 and ␣2 and ␤1 and ␤2) by alternative splicing (38, 39) , and expression of TH receptors in the different tissues and cell types is temporally and regionally regulated. OPCs are disseminated within the white and gray matter of the adult CNS, but they also can be generated from stem cells present in different areas of the CNS (8) . Consequently, a potentially unlimited number of myelinating cells could be recruited in the adult CNS. OPC differentiation into myelinating oligodendrocytes is regulated by two functional components: the so-called timing component, which depends on PDGF and involves the cyclin-dependent protein kinase inhibitor p27͞Kip1 (40) (41) (42) , inducing cells to divide for a defined number of cycles (estimated as eight cell divisions in vitro) over a defined time interval, and the effector component, which is regulated by TH, involves p53 family proteins (43) , and stops cell division and initiates differentiation (19) . We found that TH is effective in improving remyelination in EAE rats only if administered when intense proliferation takes place and new OPCs are generated, as indicated by increased expression of PDGF␣R. Thus, we may speculate that the disease itself, probably through cytokines and growth factors (32, 44, 45) , released either from widespread inflammatory and glial cells (46) or from damaged axons after demyelination (47) , induces adult OPCs to reenter the cell cycle after demyelination. This proliferative activity is believed to set the intrinsic timer in OPCs to become sensitive to TH, possibly through the expression of suitable amounts of nuclear receptors (23, 48, 49) . A pulsed stimulus by TH at this time favors oligodendrocyte maturation. This hypothesis is supported by the absence of any effect produced by hyperthyroidism on OPCs and oligodendrocyte marker expression in nonpathological rats (24, 50) .
However, TH also could act on neural stem cells, favoring the generation of more oligodendrocytes (24) . Indeed, the TR␣ gene is essential for stem cell differentiation, as indicated by gene expression analysis of embryonic stem cells in which a dominant negative knock-in point mutation was introduced into this gene (51) . It also has been reported that brief in vitro exposure to TH induces more oligodendrocytes to form from neural stem cells derived from embryonic and adult brain cultured as neurospheres (45) .
Molecular Targets for TH During Remyelination. Positive effects on remyelination also could be due to direct TH control of gene expression for several genes involved in myelin formation in oligodendrocytes. A specific hormone-receptor interaction with the MBP promoter region indicates that this is a TH-responsive gene (52) . However, TH regulates MBP expression only for a limited period during OPC differentiation, and then the gene becomes refractory to TH in the mature brain. No effects on MBP expression actually were found in this and previous studies in nonpathological rats (24, 50) . Finally, TH also affects survival of developing oligodendrocytes, also overcoming proapoptotic effects mediated by the inflammatory cytokines tumor necrosis factor ␣ and interleukin 1 (53) .
We cannot exclude other molecular targets for the positive action of TH on remyelination in EAE rats. A brief exposure to TH can increase the endogenous synthesis of growth factors, including nerve growth factor in the CNS (54) and also in the case of the severe deficit observed during EAE (24) , and nerve growth factor could in turn produce positive effects on EAE, as proven by the nerve growth factor administration in the marmoset (55) . This effect has been attributed to an immunomodulatory role played by nerve growth factor. However, recent in vitro and in vivo studies have shown that neurotrophins influence proliferation, differentiation, survival, and regeneration of mature oligodendrocytes and OPCs in favor of a myelin repair (56) . Thus, a wide-ranging neuroprotective role could be obtained through brief exposure to TH. Indeed, the increase in trophic factors for different classes of neurons could support nude axons, allowing them to express the appropriate molecular signals required for OPCs to engage demyelinated axons for proper myelination and remyelination (57) . Electrical activity seems in fact to promote myelination (58) , and axon-derived molecules are temporally and spatially required to coordinate oligodendrocyte differentiation (59) . Moreover, TH has been proven to increase axonal transport (60, 61) , thus favoring intracellular trafficking of molecules, including survival molecules.
Finally, although a slight but significant improvement was observed in the clinical course of EAE in the relapse phase in Lewis rats, no effect was observed in the DA strain. However, despite the fact that effectiveness of therapeutic intervention in EAE is usually related to the neurological score for motor disabilities, the cause of the neurological deficit in EAE is still poorly understood. It is clear that CNS inflammation and demyelination do not fully account for the neurological deficit (62).
In conclusion, remyelination in experimental and spontaneous diseases requires a complex interplay among different cellular partners, e.g., OPCs, oligodendrocytes, axons, inflammatory cells, and astrocytes, and related secretory and membrane proteins such as extracellular matrix, and the role of these partners in this representation changes according to the phase of the disease. Thus, multiple therapies should be the final goal for an effective treatment for MS. We suggest that TH could have a role in potentiating reluctant myelination by inducing OPCs to differentiate into myelinating oligodendrocytes during a specific phase of the disease. It is therefore proposed as a possible partner in restoring the proper signaling in the microenvironment required for successful remyelination also through an indirect neuroprotective role. In the hypothesis that remyelination fails in MS because of insufficient differentiation of recruited OPCs, one can speculate that the slight signals of altered thyroid function homeostasis observed in MS patients (63, 64) could take part in the decline in remyelination attempts.
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